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Abstract—In this paper, the performance analysis of a full-du-
plex maximum ratio combining multiple-input multiple-output
(FD-MRC-MIMO) system based on equalize-and-forward (EF)
relaying with self-interference-cancellation (SIC) is derived
under imperfect channels state information (CSI). The perfor-
mance of the system is investigated in the presence of additive
white Gaussian noise (AWGN) over Rayleigh fading chan-
nels. Self-interference cancellation is performed by applying
null-space-projection (NSP) via singular-value-decomposi-
tion (SVD). Furthermore, exact, closed-form solutions for the
signal-to-interference-plus-noise ratio (SINR) distribution and
outage probability are mathematically formulated and evaluated
along with the average symbol-error-rate (ASER) for -ary
phase-shift keying (M-PSK) modulation. The coefficients of the
EF-relay are obtained to attain the minimum mean square error
(MMSE) between the transmission symbols. Comparison of the
obtained results with relevant state-of-the-art techniques suggests
significant improvements in the SINR figures and system capacity.
Index Terms—Full-duplex (FD), maximum ratio combining
(MRC), multiple-input-multiple-output (MIMO), self-in-
terference-cancellation (SIC), equalize-and-forward (EF),
null-space-projection (NSP), singular-value-decomposition (SVD).
I. INTRODUCTION
D UE to the continually increasing demands on frequencyand energy resources, full-duplex (FD) has become an es-
sential necessity and inevitable evolutionary step in the realm of
wireless communications. FD transceivers allow transmission
simultaneously over similar frequency bands. However, one of
the key challenges in full-duplex wireless communication is
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the self-interference (SI), sometimes referred to as loop-inter-
ference (LI) too, that might affect undesirably to the overall
system performance. This is principally caused by the trans-
mitted signals of the FD transceiver, which exhibit larger energy
than the desired incoming signals due to path loss propagation
phenomena. The large power differential between the signal of
interest which arrives weak from an away source and the self-in-
terference signal created by the FD transceiver itself poses ex-
treme difficulties to the receiver that needs to reconstruct and
detect the desired signal.
This research paper focuses on FD-MIMO based relays, over
which the source and destination nodes are communicating. The
relay has the ability to receive data from the source and deliver
it to the destination either by using amplify-and-forward (AF),
decode-and-forward (DF), or by equalize-and-forward (EF) ap-
proaches. For these types of relaying, estimation and subtraction
operations of SI are required to maximize the signal-to-inter-
ference-plus-noise ratio (SINR), which increases the capacity,
improves the overall spectral efficiency and enhances the entire
performance of these systems utilizing the FD technique. Thus
far, several methods have been proposed in this field to mitigate
SI that can be grouped in two categories, namely passive and/or
active self-interference cancellation (SIC). Passivemethods rely
on separation between transmit and receive antennas in order
to increase the isolation loss amongst them, and hence, reduce
the magnitude of the local interference. In contrast, active ap-
proaches are implemented either in analogue domain, which is
always before the analog-to-digital converter (ADC), or in dig-
ital domain, thus after the ADC. This can be accomplished by
obtaining precise knowledge of the interfering signal and its
channel and subtracting it either in passband or baseband, re-
spectively. Furthermore, a combination between different do-
main methods can be used to obtain better performance.
In order to suppress SI in FD systems, it is initially required to
reduce the effects of local power coupling to avoid drowning of
the desired incoming signal in loop-interference, which is sig-
nificantly stronger, andmitigate saturation of ADC circuitry due
to limited dynamic range and quantization resolution [1]–[6].
Thus, passive suppression has been proposed at the receiver
front-end by using natural-isolation (NI) techniques, or some-
times called passive-suppression (PS), via antenna separation to
diminish and block the line-of-sight (LoS) path. This is achieved
by orienting transmit antenna elements to an opposite direction
than those of the receiving antennas, which consequently maxi-
mizes LI attenuation by increasing the insertion loss that can be
This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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further increased by utilizing orthogonal polarization schemes
[2], [7]–[10].
Passive SI reduction can be used in conjunction with active
suppression approaches that exploit local knowledge of trans-
mitted data and loop channel information to remove SI. The
latter needs to be accurately estimated in order to successfully
mitigate it [2]. One conventional SIC method used in this area is
based on the idea of utilizing the known transmitted data along
with the estimated loop channel to reconstruct the interference
signal and subtract it from the received signals. This scheme is
referred to as time-domain cancellation (TDC) [2], [7], [11].
Spatial suppression schemes for FD-MIMO transceivers,
such as zero-forcing (ZF) and null-space projection (NSP), are
proposed as SIC via exploiting the spatial domain MIMO signal
characteristics of the interfering channels. This can be achieved
by designing spatial filters via utilizing matrix conversion
approaches, as singular-value-decomposition (SVD) of the SI
channel required to suppress the SI [2], [7], [11]–[13].
In contrast, in order to increase the signal to noise ratio
(SNR), spatial diversity can be exploited for MIMO sys-
tems to obtain the full diversity gain available, which can
be achieved by utilizing maximum ratio combining (MRC).
This approach has been launched and deployed successfully
for MIMO systems that operate in the presence of additive
white Gaussian noise (AWGN) and interference environments.
The MIMO-MRC system may be constructed by introducing
transmit and receive beamforming weight vectors. The selec-
tion of beamforming weight vectors can be optimized to satisfy
transmitting the signal over the strongest path of the channel.
This implies that transmitting the signal along the direction
of the eigenvector associated to the largest eigenvalue of the
Wishart matrix of a channel , i.e., [14], [15]. However,
perfect channel state information (CSI) is required by the
transmitter and receiver in order to obtain better performance.
Cooperative communications utilizing either AF, DF or EF
relaying, have recently gained increased attention for their
potential to enhance spectral efficiency and channel capacity,
and to extend wireless coverage. In [5], the achievable rates
under limited transmit/receive dynamic range for DF relaying
utilizing FD-MIMO are studied in the presence of channel
estimation errors. The authors propose maximization of the
end-to-end (E2E) lower bound achievable rate based on a trans-
mission scheme that requires solving a nonconvex optimization
problem. In [16], the overall capacity of a FD-MIMO system
based on AF relaying is presented using an optimal transfor-
mation matrix that maximizes the mutual information under
average power constraint at the relay output under the assump-
tion of perfect channel estimation. The latter work extends the
results obtained in [17] from single-input single-output (SISO)
to MIMO communication. An alternative half-duplex (HD)
design is presented in [18], in which an AF relaying cooperative
linear transceiver is analyzed under perfect source-to-des-
tination CSI aided with an applied optimization routine to
maximize the mutual information of the transmission system.
In this paper, we extend the works in [2], [7], [11]–[13]
by combining MRC with NSP for FD-MIMO based relaying
in order to maximize the SINR. Additionally, we derive the
performance analysis of the proposed system for different
performance metrics and in the presence of perfect and im-
perfect channel estimation. Furthermore, we extend the works
in [5], [16]–[18] by utilizing EF relaying instead of DF and
AF relays and we derive the relay transformation coefficients
for FD-MRC-MIMO using EF relaying in order to minimize
the mean square error (MSE) between the transmitted and the
received symbols. Moreover, the E2E performance is demon-
strated using the outage probability, average symbol error rate
(ASER) vs. SINR, and capacity performance metrics.
The key contributions of this paper can be summarized as
follows. Firstly, null-space-projection (NSP) and MRC are ex-
ploited jointly in order to mitigate the SI of the undesired loop
path and to increase the SNR of the source-to-destination path.
Themotivation to useMRC-MIMO,which is selected over Full-
MIMO, is due to the SNR advantage inherent in transmit and
receive beamforming to achieve full diversity gain in such an
interference limited environment. NSP is implemented via uti-
lizing SVD of the CSI of the SI channel. Secondly, the E2E per-
formance analysis of the modelled system takes into account the
impact of imperfectly estimated CSI for both the desired and in-
terference channels. Finally, the E2E upper bound mutual infor-
mation of the proposed FD-MRC-MIMO is derived in the pres-
ence of SI. To the best of our knowledge, these aspects have not
been thoroughly investigated in previously published research
papers. The ideas, derivations and numerical results presented in
this paper are valid for flat fading channels. However, the latter
condition can be always satisfied by introducing orthogonal fre-
quency division multiplex (OFDM) to combat intersymbol in-
terference (ISI). As long as a cyclic prefix of sufficient length is
selected to cover the delay spread of the multipath channel the
presented results will be valid.
The rest of the paper is organized as follows. In Section II,
the signal and system models are introduced. In Section III,
we demonstrate the E2E performance analysis of the proposed
system by deriving the output SINRs for the first and second
hops along with their corresponding probability density func-
tions (PDF). Furthermore, we derive the outage probabilities
and ASER. In Section IV, the E2E upper bound capacity of
this system is derived. Section V presents simulation results
and discussion, and finally, the paper’s conclusions are drawn
in Section VI.
Notation: Matrix and vectors are denoted by uppercase and
lowercase boldface characters, respectively. The transpose, con-
jugate and Hermitian of matrix are denoted by and
, respectively. , are the Euclidean norm of the
vector and the matrix , respectively, while, is the de-
terminant of the matrix . Also is the complete Gamma
function of variable . is the statistical expectation of the
random vector . Finally, the binomial coefficient is defined as
where is the factorial of a. and
represent for the real and imaginary parts of , respectively.
II. SIGNAL AND SYSTEM MODEL
In this paper, a wireless communications system is considered
in which the source communicates with destination via relay as
shown in Fig. 1, in addition to the description and definition
mentioned in Table I. The relay operates as a full-duplex EF
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Fig. 1. Full-Duplex MRC-MIMO system with self-interference cancellation.
TABLE I
MODEL PARAMETERS
transceiver with transmit and receive antennas. Fur-
thermore, the source has antennas used to send the signal,
while, antennas at the destination are used for receiving.
The channels between the source and the relay, the relay-to-
destination, and the relay output to its input are considered in
this paper as flat Rayleigh fading channels and they are defined
as , and
, respectively. The assumption that
the links are flat comes from the fact that passive suppres-
sion of SI has been implemented in the analogue domain via
antenna separation and shielding to suppress the line-of-sight
(LoS) paths [2]. In addition, AWGN is defined generally as
. In this paper, we assume that there is no di-
rectly available source-to-destination path, i.e., , and
all E2E communications occurs via the relay.
As highlighted in the Introduction Section, the FD-MRC-
MIMO system applies transmit and receive beamforming at the
source terminal and relay, respectively. The weight vectors at
both transmitter and receiver are designed to maximize the SNR
of the desired path by exploiting the eigen-transmissions and
providing full diversity gain [14], [15]. This consequently leads
to improved SINR for fixed SI and noise power levels ([19], p.
230–233). This can be obtained by using asMIMO
transmit beamforming and at the receiver as
MRC reception, where is the a unit norm eigenvector cor-
responding to the largest eigenvalue of the Wishart matrix
, where unit norm implies that the Euclidean norm of
is unity, i.e., . This is due to the fact that
maximizing SNR is subject to determining the squared-spec-
trum norm of the matrix , which suggests that the signal
is transmitted from source-to-relay over the strongest path of
[14], [15]. The same procedure can be used in the path of
relay-to-destination of to obtain and .
This research focuses on FD-MIMO based relay systems,
which offer additional degrees of freedom in the spatial domain
[2]. Spatial suppression schemes have been proposed and ap-
plied extensively for this issue. This is achieved by adding a
receive filter, , at the input of the FD relay,
and a transmit filter, , at the output of relay,
as illustrated in Fig. 1. Both of these filters are designed based
as eigen-beamformers using the SVD of the SI channel of the
relay, , with , where
and are unitary matrices, i.e.,
and . Here, and
are constructed using orthogonal column vectors of .
In addition, is a diagonal matrix containing
in descending order the singular values, , for
of [7], [11].
The target in designing the filters from the SVD of the SI
channel is to obtain , which is referred to as
NSP. However, the channel estimation error will cause residual
SI, which impacts negatively on the overall performance of the
system. In order to design and , there are several ap-
proaches that can be utilized as in [2], [7], [11], [13], [20]–[23].
As the emphasis of this paper is on the performance analysis of
SI of FD-MIMO relays in the presence of SIC, we have used the
approach outlined in [13] and [22], which is suitable for MIMO
systems with the same number of transmit and receive antennas,
i.e., . In this method, the two spatial filters are de-
signed by selecting one of the two options in (1) in order to sat-
isfy [2], i.e.,
(1a)
(1b)
where and represent the first half columns of the ma-
trices and , respectively, while, and represent
the second half columns of matrices and respectively.
In addition, for non-square matrices and/or for the case of rank
deficiency of , (2) from [21] might be used to design the
two filters as
(2a)
(2b)
where represents the rank of .
In Fig. 1, represents the minimum mean square error
(MMSE) transformation coefficient of the EF-relay, which is
derived in detail in Appendix B in order to obtain the optimum
solution that minimizes the errors between the transmitted and
the received symbols in the source-to-relay path in the presence
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of residual SI, and therefore, enhances the overall performance
of the system.
III. E2E PERFORMANCE ANALYSIS
In this section, the E2E performance analysis is derived. The
derivation is organized as follows; we derive the SINR, PDF
of the output SINR, the outage probability, and the ASER for
the first and second hops in Subsections III.A and III.B, respec-
tively. The overall probability of error for the entire system can
be obtained as [24]
(3)
where represents the E2E probability of error av-
eraged over the two independent random variables and ,
which represent the SINRs of the first and second hops, respec-
tively, whilst, in general, represents the
average probability of error over the independent random vari-
able .
A. SINR of the First Hop
The focus of this paper is on the full-duplex relay that can
send and receive data simultaneously, which in turn causes SI in
the receive terminal. Thus, in this section, the SINR is derived
for the first hop of the modelled system. For a given MIMO
symbol and at time instant , the received signal vector, , at
the FD-MRC-MIMO relay input can be written as
(4)
where repre-
sents the M-PSK symbols before applying a MIMO transmitter
beamforming weight vector of the source to the relay path, .
Whilst, is the relay’s transmitted signal as a func-
tion of the previous transmitted symbol of the source, ,
i.e., it represents the raw transmitted symbols at the relay output
after applying the EF relaying operation to . Addition-
ally, and are the relay’s average transmit powers from
the forward path, i.e., the source-to-relay path, and the backward
loop path of the relay causing SI, respectively. represents
the AWGN at the input of the relay. Furthermore, in the fol-
lowing steps, we will assume that the processing delay in the
EF relaying operation can be applied within a symbol duration.
The input for the relay EF processing stage, , is obtained
by substituting in (4), where rep-
resents the equalized complex symbol after passing through the
MMSE transformation filter of the EF-relay, . Then, by per-
forming SIC processing of in the first stage of the EF-relay
as , and applying the MRC weight vector at the
relay as , we can write
(5)
where the MRC weighted vectors are defined as
, and for the case of
perfect CSI.
It is obvious that SIC is achieved at this stage, however, im-
perfect channel estimation of the undesired channel, , pro-
duces residual SI. In addition, the channel estimation error for
the signal of interest, , will impact the performance of the
system. Therefore, this issue needs to be considered by adding
the effect of channel estimation error as [25]
(6a)
(6b)
(6c)
where
and represent channel esti-
mates of and , respectively. Moreover
and
are the channel estimation errors
of and , respectively, modelled as complex
zero-mean Gaussian random variables with identity co-
variance matrices that are independent of their channels
[25]. Furthermore, and are the channel estimation
accuracies of and , respectively, and in general
they are defined as , which implies that when
, the channels estimation is perfect. We can
use and
to denote the effect of channel estimation errors in
and , respectively. By substituting the effect of channel
estimation error of (6) into (5), and applying the estimated
MRC weighted vectors as , and
can be re-written as
(7)
where and represent the MIMO receive and transmit
filters, respectively, obtained from the SVD of estimated
channel of SI, . It is important to note that represents
the residual power of SI after applying spatial cancellation via
NSP. It can be observed that (7) contains the combination of the
desired signal, noise, in addition to three terms of interferences,
which are due to the SI channel of the FD-relay, and channel
estimation errors of forward and backward loop path. Thus, the
SINR of the first hop of the relay, , can be obtained from (7)
as
(8)
with
(9a)
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(9b)
(9c)
(9d)
where the term in the numerator of (8) represents the power of
the desired signal. The denominator comprises four terms which
are given in (9). The constant term represents the interfer-
ence power due to channel estimation error of , term
represents the self-interference power of the channel , term
accounts for the power of interference caused by imperfect
channel estimation of , and finally, is for the noise power
after passing through the MRC and SIC relay filters.
Equation (8) needs to be simplified in order to appreciate
the contribution of the individual terms. To achieve this, firstly,
we divide the numerator and denominator by . Sec-
ondly, since is the estimated eigenvector corresponding
to the largest estimated eigenvalue of the Wishart ma-
trix , it is constructive to compensate for in-
stead of , and for instead of
. Moreover, from the definitions of and
following (6), we have
due to their unity-covariance [25]. Additionally,
as they represent the unit norm eigenvectors
corresponding to the largest eigenvalues and of the
estimated channels and , respectively, as defined ear-
lier in Section II. Moreover, variance of the noise is given as
. By taking all these substitutions into ac-
count and after some additional straightforward mathematical
manipulations, can be rewritten as in (10) on the bottom of
the page.
In (10), represents the SNR, while
is the interference-to-noise ratio (INR) at the input of
the MMSE transformation filter of the relay, , after passive
suppression and NSP cancellation. It can be noticed that (10b)
represents the ratio of two independent random variables and
can be re-written as
(11)
where
(12)
To gain insight on the relationship between SNR and SINR,
we can re-write (12) as and
. The factor
represents here the signal-to-interference ratio (SIR). Therefore,
increasing the signal power for fixed levels of SI and noise
power will cause to increase and to decrease, which con-
sequently results in an increase of in (11).
1) Probability Density Function of : With return now our
attention to (11). The SINR is considered as the ratio of two
independent random variables and given by
(13a)
(13b)
(13c)
Following the definitions in [15] and the deriva-
tions in [26], it is worth mentioning that the term
in (13b) is an independent
and identically distributed (i.i.d.) complex Gaussian random
variable, and it is independent of . This is due to the
earlier assumption in Subsection III.A, that the estimated
SI channel, , exhibits a circularly symmetric Gaussian
distribution with zero mean and covariance matrix .
The mean of this term conditioned on is derived as
(14)
while its variance conditioned on can be derived as
(15)
(10a)
(10b)
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Fig. 2. The PDF of in (a) and (b), while
the PDF of in (c) and (d), for
and 1.9.
A closer look into (15) reveals that its first equality contains
two independent random variables which are and
. As defined earlier in Section II, we can substitute
for . Moreover, the ex-
pectation for the first random variable can be substituted by
the identity matrix , as the SI channel, , is an
i.i.d. Rayleigh distributed random variable containing i.i.d.
complex Gaussian vectors with zero-mean and covariance
matrix . Additionally, is a matrix such that
.
In Fig. 2(a) and (b), we illustrate the empirical (histogram)
and theoretical distributions of the real part of (13b) for
, and for two different values of ,
i.e., 0.7 and 1.9, respectively. It is worth noting, that due
to symmetry, the distribution of the imaginary part follows
a similar distribution. Since the
is a complex, zero-mean, Gaussian random variable with
variance , its norm will follow a Chi-squared distribu-
tion with degree of freedom ([27], p. 45). Fig. 2(c) and
(d) demonstrate the Chi-squared distribution assumption for
the variable for the two values
of and , respectively.
The relationship of those two variables in (13b) and (13c)
along with their scale factors in (12) follow the Gamma distri-
bution [15]. Therefore, the PDF of , which can be de-
noted in general as [14], [28],
exhibits a shape factor due to the fact that only one
source of SI is present by assumption and the scale factor, ,
which leads us to
(16)
In constrast, can be given as
(17)
It is noticeable that the PDF of follows the Gamma dis-
tribution as
[14], [28], with shape factor and the normalized
scale factor of . In (17), and
. The curve fitting coefficients, , of
the PDF have been determined and listed in tables for
several combinations of transmit and receive antennas in [29].
Additionally, there exists a numerical method that has been
proposed in [14] for the same purpose. Both approaches satisfy
.
After evaluating in (16) and in (17), the PDF of
SINR of the first hop, , can be obtained by using inte-
gration as
(18)
This integration can be solved by exploiting the conversion of
the term to a finite summation as
([30], (1.111)). Subsequently, in order to obtain the final for-
mula, it is required to compare the resulting equation with
for positive and
[30, (3.351.3)], i.e.,
(19)
2) Outage Probability of : To evaluate the outage prob-
ability associated with the probability that is less than
the protection ratio of the threshold SINR [31], we com-
pute , or
equivalently
(20)
where is determined by (18).
The integration in (20) might be simplified by ex-
ploiting the lower incomplete Gamma function. This can be
achieved by using the formula
for positive integers ,
which is part of (20) ([30], (8.3521.1)). In addition, it is required
to use the binomial term for , which has been
previously defined in this section. The outage probability can
be then expressed as
(21)
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3) ASER for M-PSK Modulation Scheme for 1st Hop: In
order to evaluate the exact ASER, , for any M-PSK mod-
ulation scheme, it is constructive to define the instantaneous
SER for the scheme under consideration. Subsequently,
by taking the expectation of SER over the instantaneous SINR,
i.e., the mean of we obtain
(22)
where can be defined with respect to -function as
, which is a general formula valid for
several modulation schemes with and being modulation
dependent constants. For instance, for BPSK,
and as acceptable approximated SER
of M-PSK [32].
The ASER is derived for several modulation schemes in
Appendix A to obtain the final expression as
(23)
B. SINR of the 2nd Hop
The second hop of this proposed system is assumed to be a
conventionalMRC-MIMO system, where the relay forwards the
equalized signal after applying transmit beamforming,
, and the spatial filter, . Therefore, the received signal
vector at the destination can be written as
(24)
where is the relay’s average transmit power to the destina-
tion. By applying the MRC weighting vector, , to (24)
we can obtain the th time instant of as
(25)
where for the case of perfect CSI
. By considering the impact of imperfect CSI estimation of
in (6c) and applying the estimated MRC weighted vectors
as and , we can re-write
(25) as
(26)
It can be noticed that in (26) contains a combination of
three terms, which are the desired signal, the channel estimation
error term, and the noise, respectively. Therefore, the SINR of
this path, , can be extracted for the second hop of the relay as
(27)
where
(28a)
(28b)
It is worth mentioning that represents the interference
power due to channel estimation error of and is for
the noise power after passing through the MRC stage of the
destination node. In order to simplify (27), we can apply the
similar simplifications and substitutions applied previously to
(8) in Subsection III.A in order to re-write (27) as
(29)
where
(30)
where represents the SNR of the second hop.
1) PDF of : Unlike (11), the SINR of the second hop in
(29) depends on one random variable. Thus, compared to (13c),
we can employ (17) to evaluate the PDF of the output SINR of
the second hop, as
(31)
2) Outage Probability of : Similar to the deriva-
tion of the outage probability for the SINR in III.A2 for
the first hop, we can use the definition
, and apply the solu-
tion for this integration as
for positive integers , to
obtain the outage probability as
(32)
3) ASER for M-PSK Modulation Scheme for 2nd Hop: In
order to obtain the ASER of the second hop, we can utilize di-
rectly (22), for , along with (31), and utilizing the Q-function
instead of , i.e., , as defined pre-
viously in III.A3, to obtain
(33)
In order to complete the required integration in (33),
an alternative formulation of the Q-function known as
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Craig’s expression can be utilized, which is given as,
[32], and has been
solved by ([33], Section 5.4.4). Additionally, by recalling
again , and after straightforward
mathematical simplifications, we can re-write (33) as
(34)
where the integration in (34) can be solved by ([33], 5A.21) to
obtain the final expression of as
(35)
where . Now, after obtaining the outage probabili-
ties and ASER for the first and second hops, we can evaluate the
E2E performance for these two metrics by re-calling (3) which
is given by [24] as
(36)
(37)
IV. END-TO-END CAPACITY
In this section, we derive the E2E capacity of the proposed
FD-MRC-MIMO based on EF relaying in the presence of SI.
This derivation aims to obtain the upper bound of the mutual
information between the source and the destination by assuming
perfect channel estimation.We assume that the processing delay
in the EF relaying operation can be applied within a symbol
duration. i.e., , where is the transmitted
signal at the relay output at time instant and
represents the combination of all stages of the
EF relaying operation in Fig. 1. Hence, we can write as a
function of the received signal at the relay input, , defined
in (4) to obtain
(38)
At the destination, the received signal, can be written as
(39)
where represents the AWGN in the input of the destina-
tion. Moreover, MRC combining is applied to at the des-
tination as . Hence, can be
written as
(40)
At the moment, by substituting (38) in (40) we can obtain
(41)
where was introduced for simplifica-
tion. From (41), we can find the E2E mutual information of the
proposed system, which can be written as
(42)
where is the variance of the transmitted
signal at source node, and represents the overall covariance
matrix of SI and the noises in the inputs of the relay and the
destination, and it can be defined as
(43)
where is covari-
ance matrix of the noise at the input of the relay, while
is the covariance matrix
of noise at the input of the destination node. Additionally,
,
which represents the covariance matrix of the relay’s
transmitted signal causing SI at its receive input. Finally,
is the variance of the equalized signal at
the relay.
V. SIMULATION RESULTS AND DISCUSSION
In this section, the E2E performance of FD-MRC-MIMO
based EF relaying system after applying SIC is considered. Two
configurations of the proposed system are
considered using, i.e., (2, 2, 2, 2) and (4, 4, 4, 4), respectively.
The E2E performance is analyzed and simulated depending
on the fact that the impairment of SI impacts on the FD-relay
input only due to FD operation, as assumed in this paper, and a
mitigation using SIC is applied by taking into account residual
SI due to imperfect channel estimation in both desired and
interference channels. In addition, the relay-to-destination path
is considered a regular MIMO link. Moreover, the channels are
considered to be independent flat Rayleigh fading channels. The
outage probability of the output SINR, in addition to the exact
ASER have been simulated and the obtained results have been
analyzed. Also, we assumed that the estimation errors for all
channels in this paper are the same, i.e., .
Figs. 3 and 4 show respectively the PDFs of the SINR for the
first hop, , for (2, 2, 2, 2) and (4, 4, 4, 4) FD-MRC-MIMO
system in the case of perfect channel estimation and
an imperfect channel estimation at dB
and for two values of , namely 6 and 12 dB. The illus-
trated PDFs demonstrate that obtaining more precise CSI via in-
creasing the accuracy of channel estimation, results in increased
output SINR.
Fig. 5 depicts the E2E outage probability of (2, 2, 2, 2) and
(4, 4, 4, 4) FD-MRC-MIMO system as a function of the SINR
threshold, , for perfect and imperfect channel estimations,
i.e., and , respectively, and for two cases of
residual self-interferences to noise ratio, which are and
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Fig. 3. PDF of the SINR of the first hop for (2, 2, 2, 2) FD-MRC-MIMO after
SIC for dB with perfect and imperfect channel estimation in the
presence of residual SI with and 12 dB.
Fig. 4. PDF of the SINR of the first hop for (4, 4, 4, 4) FD-MRC-MIMO after
SIC for dB with perfect and imperfect channel estimation in the
presence of residual SI with and 12 dB.
12 dB, while the SNR was fixed at dB. On the
other hand, Fig. 6 shows the relationship between the overall
E2E outage probability and SNR , for the same
conditions as outlined in Fig. 5, except for the SINR threshold
that in this case was fixed at 10 dB. It is evident from the two fig-
ures that increasing the number of antennas in FD-MRC-MIMO
leads to better performance and enables the system to tolerate
more residual SI caused due to channel estimation errors.
Fig. 7 shows the ASER for the system using a quadrature PSK
(QPSK) modulation scheme, , for the two channel es-
timation cases and for the two values of SI mentioned previ-
ously during this section. Moreover, we compare the analytical
results obtained from the derived expression of ASER for QPSK
modulation with results obtained via Monte-Carlo simulations
as shown in Fig. 8 for a (2, 2, 2, 2) FD-MRC-MIMO system. In
this figure, we consider higher scenarios ranging between
15 and 30 dB for four cases of channel estimation errors, i.e.,
and 1. The ASER vs. SNR performance
results are obtained by averaging frames containing 2048
bits for each SNR point. A closer look at the results shows close
Fig. 5. E2E outage probability of (2, 2, 2, 2) and (4, 4, 4, 4) FD-MRC-MIMO
after SIC at dB and residual and 12 dB with perfect
and imperfect channel estimation.
Fig. 6. E2E Outage probability of (2, 2, 2, 2) and (4, 4, 4, 4) FD-MRC-MIMO
after SIC at dB in the presence of residual SI with and
12 dB.
Fig. 7. E2E exact ASER for (2, 2, 2, 2) and (4, 4, 4, 4) FD-MRC-MIMO after
SIC for QPSK modulation scheme in the presence of residual SI with
and 12 dB.
agreement between simulation and theory. Furthermore, the im-
pact of imperfect channel estimation under higher can be
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Fig. 8. E2E analytical and Monte-Carlo results of ASER (QPSK modula-
tion) for (2, 2, 2, 2) FD-MRC-MIMO after SIC in the presence of residual
SI with and 30 dB and imperfect channel estimation errors of
.
Fig. 9. First hop SNR vs. BER performance for (2, 2, 2) and (2, 4, 2) FD-MRC-
MIMO after SIC using QPSK modulation for SIR = 10 and 20 dB at the input
of FD relay.
shown in this figure, where the proposed system demonstrates
more tolerant and closer achievement to perfect channel esti-
mation at 1% error in CSI. Whilst, by increasing the channels
estimation error by 5% and 10%, this causes a deterioration in
the performance as expected.
In addition, in Fig. 9, we compare the proposed system with
another relevant state-of-the-art NSP technique [12], which
utilizes SI suppression using Zero-forcing (ZF) approach for
a full-duplex MIMO relay and the results obtained in [12] are
for the first hop due to the fact that the first hop is affected
by the SI, whilst the second hop represents a regular MIMO
link. Fig. 9 demonstrates the BER vs. SNR performance for
as (2, 2, 2) and (2, 4, 2) FD-MRC-MIMO
after SIC using QPSK modulation. Two cases of SIR at the
input of FD relay are considered, namely dB and
20 dB. It can be observed that the proposed system achieves
better performance under the same conditions [12]. This is
Fig. 10. Average capacity of (2, 2, 2, 2)-FD-MRC-MIMO based EF-ralay, as a
function of the mean compared to FD-AF, HD-AF and FD-MMSE relays.
due to the exploitation the combination of MRC and SIC for
increasing the SNR of the desired signal and also to reduce
the INR of the SI respectively, which leads to an increase in
SIR. In addition, any further mitigation of SI in the analogue
domain, which consequently increases the SIR at the input of
the relay, will lead the MRC-SIC system to perform better as
shown in the case of dB. For these simulations,
the average SNR per bit and average INR per bit are defined
as , and
.
Furthermore, in the context of channel capacity,
Fig. 10 shows the results obtained from the proposed
FD-MRC-MIMO system with (2, 2, 2, 2) as a function of
the source-to-relay signal-to-noise ratio, , and for two
cases of the relay-to-destination signal-to-noise ratio, ,
which are and 20 dB, respectively. A closer look
at Fig. 10 reveals that at dB and dB the
proposed system achieved average capacity improvements
of 9 and 14 bits/s/Hz, respectively, compared to the results
obtained by [16] under the same conditions and for the two
scenarios of FD-AF and HD-AF. Additionally, we compare the
capacity performance of the proposed system for
dB as a function of with a spatial multiplexing FD full
MIMO system with (2, 2, 2, 2) employing MMSE equalization
in the relay without NSP. We demonstrate the performance
for two scenarios, that of SI-free, and for the case where no
SIC is applied. At an dB, a performance gain of
approximately 5 and 18 bits/s/Hz is observed, respectively,
between the proposed FD-MRC-MIMO and the alternative
methods. Finally, Fig. 11 shows the cumulative distribution
function (CDF) of the data rate for (2, 2, 2, 2) FD-MRC-MIMO
compared to the results obtained by [16] for FD-AF and
HD-AF when dB, in addition to the two
scenarios mentioned previously for the spatial multiplexing
FD-MIMO system which applying MMSE equalization in the
relay and the destination. It worth noting that the CDF was
obtained by averaging the mutual information for multiple
E2E transmission frames. Close inspection of the results,
demonstrate that under the same conditions the proposed
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Fig. 11. CDF of the date rate of (2, 2, 2, 2)-FD-MRC-MIMO based EF-ralay,
compared to FD-AF, HD-AF and FD-MMSE relays at dB.
system outperforms, in terms of throughput, the approaches
mentioned previously.
VI. CONCLUSION
In this paper, performance analysis for the proposed
FD-MIMO-MRC relay has been presented. The proposed relay
combines the MRC technique for increasing the SNR for the
desired signal and additionally utilizes SIC to mitigate the SI
due to the FD relay operation. The structure of the designed
system was outlined using SVD, which was employed in order
to cancel the SI via the NSP method. Analytical solutions for
the SINR distribution and outage probability have been derived
and evaluated. Moreover, the ASER for M-PSK modulation
schemes has been derived and computed for QPSK. From the
results presented, it is evident that obtaining precise CSI and in-
creasing the number of antennas in FD-MIMO-MRC, especially
increasing the antennas at the receiving side of the FD-MIMO
relay, leads to better performance and enables the system to
tolerate more residual SI caused due to CSI estimation errors.
Moreover, it is obvious that increasing the SIR at the input of
a FD-MIMO transceiver by applying passive SI mitigation in
the analog domain leads to a further increase in performance of
the proposed MRC-SIC system. Furthermore, the coefficients
of the transformation filter of the EF-relay have been derived
to minimize the MSE between the transmitted and the received
symbols in the source-relay path, which consequently enhances
the system performance in the ASER-SNR metric. In addition,
we derive the upper bound of the E2E channel capacity of the
proposed system in the presence of SI. The results showed
a significant enhancement of the overall throughput. Finally,
comparison of the proposed FD-MRC-MIMO approach with
another relevant state-of-the-art method was presented demon-
strating a considerable performance improvement due to the
combination of MRC and SIC techniques in the proposed
FD-MRC-MIMO system.
APPENDIX A
AVERAGE SER OF THE FIRST HOP
By recalling (16)–(18) along with (22) we can obtain
(44)
(45)
where is defined as
(46)
(47)
At this point, in order to complete the required integrations
in (44) and (46), an alternative formulation of the Q-function
known as Craig’s expression needs to be utilized, which is given
as, [32]. Additionally,
by recalling again and after
straightforward mathematical manipulations, we can re-write
(50), as
(48)
(49)
where is defined in (50) and it has been solved in
([33], Section 5.4.4) as
(50)
where . In order to complete the integra-
tion of (48), we proceed by identifying the confluent hypergeo-
metric function of the second kind embedded within (48). This
function is defined by ([30], (9.211.4)) as
(51)
The average SER can be then obtained for several modulation
schemes by choosing the appropriate digital modulation con-
stants and as
(52)
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The confluent hypergeometric function can be solved using
the generalized hypergeometric function either by (53) ([30],
(9.210.2)), or (54) ([34], Eq. (6.6.1)) for positive values of
and , i.e.,
(53)
(54)
APPENDIX B
LINEAR MMSE EQUALIZER
In this Appendix, we will derive the coefficient of the pro-
posed EF relay, the results in MMSE between the transmitted
symbols of the source node and the equalized symbols in
the relay . From Fig. 1, we can express the symbol at the
input of the equalization stage as
(55)
while the th symbol at the out of the equalization stage
can be evaluated as , which can be re-written using
(55) as
(56)
Now, we can define MSE, , between the transmitted
symbol, , and the equalized symbol, , as
(57)
From (56), and after some manipulation and simplification
steps, (57) becomes
(58)
with
(59a)
(59b)
(59c)
Following to the derivations in [35], [36], this MSE function
is a convex function of , therefore, the optimum value of
, which represents the MMSE between and , can
be obtained by applying a differentiation to (58) with respect
to and equating the result to zero. Thus, the transformation
coefficient of the EF-relay, , can be obtained in exact form as
(60)
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